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Introduction {#sec001}
============

Increasing evidence indicates that proper host-microbe interaction in the gastrointestinal tract is critical for the balance of immune tolerance and active immune responses \[[@pgen.1006672.ref001],[@pgen.1006672.ref002]\]. Dysregulated host response to gut microbiota is the major cause of autoimmune diseases, inflammatory disorders and cancer \[[@pgen.1006672.ref001],[@pgen.1006672.ref003]--[@pgen.1006672.ref006]\]. The intestinal epithelium, which lines the gastrointestinal tract, plays a fundamental role in controlling the host-microbe interaction \[[@pgen.1006672.ref007]\]. Structurally, the intestinal epithelium acts as a physical barrier to separate luminal contents from immune cells situated in the lamina propria. A mucus layer formed by goblet cells covers the intestinal epithelium and protects it from direct attack of foreign antigens \[[@pgen.1006672.ref008]\]. Moreover, junction complexes located between the intestinal epithelial cells (IECs) control the paracellular permeability of the intestinal epithelium, which is critical to prevent the invasion of pathogens and other luminal contents across the epithelial layer \[[@pgen.1006672.ref009],[@pgen.1006672.ref010]\]. In addition to acting as a physical barrier, IECs play an active role in immune defense by expressing a variety of molecules that recognize and subsequently kill pathogens, and initiating the innate and adaptive immune responses. One of the most important pathways that act in IECs is Toll-like receptor (TLR) -mediated NF-κB signaling. A number of TLRs are expressed in the IECs \[[@pgen.1006672.ref011]\]. Upon binding with their ligands, which are the conserved molecular motifs on microorganisms, TLRs activate a series of downstream signaling cascades and subsequently activate NF-κB signaling \[[@pgen.1006672.ref011]--[@pgen.1006672.ref013]\]. A key event in transmitting signals from TLRs to NF-κB signaling is IRAK1-induced degradation of IκB, the cytosolic inhibitors of NF-κB signaling. This consequently releases NF-κB subunits from a cytoplasmic inhibitory complex, which allows them to translocate into the nucleus to induce transcription of pro-inflammatory genes. Prolonged or excessive TLR-mediated NF-κB signaling activation is a major cause of inflammatory disorders and inflammatory bowel disease-associated colorectal cancer \[[@pgen.1006672.ref014]--[@pgen.1006672.ref017]\]. Thus, understanding mechanisms by which TLR -mediated NF-κB signaling is precisely controlled in the IECs is critical for elucidating the etiology of gastrointestinal inflammatory disorders and its associated cancers.

Recent studies indicate that TLR -mediated NF-κB signaling is suppressed in the intestinal epithelium during the neonatal stage \[[@pgen.1006672.ref018],[@pgen.1006672.ref019]\]. Upon birth, newborns undergo a transition from a sterile intra-uterine environment to one that is rich in environmental microbes. To accommodate the colonization of the commensal intestinal microorganisms, the intestinal epithelium of the newborn undergoes a series of dynamic changes in gene expression to suppress the TLR -mediated NF-κB signaling activity. One of the most important events is downregulation of the IRAK1 protein level in the IECs shortly after birth \[[@pgen.1006672.ref018]\]. This downregulation is at least partly through TLR4 signaling-mediated continuous proteolytic degradation of IRAK1 during the neonatal stage \[[@pgen.1006672.ref019]\]. A low level of IRAK1 protein in IECs is essential for inhibiting excessive immune response to newly arrived gut microbes and facilitating microbe colonization in the neonate \[[@pgen.1006672.ref018],[@pgen.1006672.ref019]\]. Recent studies show that miR-146a is essential to maintain the low level of IRAK1 protein in the neonatal IECs \[[@pgen.1006672.ref019]\]. However, the detailed molecular mechanism by which IRAK1 is downregulated by miR-146a remains elusive. In addition, it is unclear whether other inhibitory mechanisms are involved during neonatal immune adaption.

We previously reported that hnRNPI, an RNA binding protein, is an important regulator of intestinal epithelium renewal and calcium-mediated egg activation in zebrafish \[[@pgen.1006672.ref020],[@pgen.1006672.ref021]\]. hnRNPI, also known as polypyrimidine tract-binding protein (PTB), plays important roles in alternative splicing and other post-transcriptional regulatory events \[[@pgen.1006672.ref022],[@pgen.1006672.ref023]\]. A number of hnRNPI targets are abnormally spliced in intestinal inflammatory and neoplastic diseases \[[@pgen.1006672.ref024]--[@pgen.1006672.ref031]\], suggesting that hnRNPI-dependent post-transcriptional control may play important roles in pathogenesis of these diseases. To determine hnRNPI functions in mammalian intestinal homeostasis and more importantly, to understand how malfunction of this protein contributes to inflammation and colorectal cancer, we have generated IEC-specific hnRNPI knockout mice. We show here that ablation of hnRNPI in the IECs induces spontaneous colitis in mice followed by development of invasive colorectal cancer at a young age. We further show that inflammation occurs shortly after birth in the knockout neonate, which is accompanied by hyperactive NF-κB signaling in the colonic epithelial cells. We provide evidence that downregulation of IRAK1 protein expression is disrupted in the knockout neonatal colon, whereas expression levels of TLRs remain unaffected. Thus, our results reveal a novel role of hnRNPI in establishing neonatal immune adaptation, which is at least partly through the control of the IRAK1 protein level.

Results {#sec002}
=======

Generation of a mouse model in which hnRNPI is ablated specifically in IECs {#sec003}
---------------------------------------------------------------------------

Our previous studies in the zebrafish hnRNPI mutant indicate that hnRNPI plays a key role in balancing IEC proliferation and differentiation \[[@pgen.1006672.ref020]\]. To determine the functions of hnRNPI in mammalian intestinal homeostasis, we examined its expression in the mouse intestine. We found that hnRNPI protein is highly accumulated in the nuclei of IECs as well as cells situated in the lamina propria ([Fig 1D and 1E](#pgen.1006672.g001){ref-type="fig"}, [S2](#pgen.1006672.s002){ref-type="supplementary-material"}--[S5](#pgen.1006672.s005){ref-type="supplementary-material"} Figs). To determine the role of hnRNPI in the mammalian IECs, we generated a floxed mouse allele of hnRNPI, in which two loxP sites flank the DNA region of exon 3 to exon 8 of the hnRNPI locus ([Fig 1A and 1B](#pgen.1006672.g001){ref-type="fig"}). This allows deletion of the three most abundant isoforms of hnRNPI upon the Cre recombination \[[@pgen.1006672.ref032]\]. By breeding the hnRNPI floxed allele with a Cre line controlled by the *villin* promoter \[[@pgen.1006672.ref033]\], we generated the *hnRNPI*^*flox/flox*^; *Villin*^*Cre/+*^ (hereafter IEC-specific hnRNPI knockout) mice. The villin promoter directs expression of the Cre recombinase in the IECs as early as at embryonic day 12.5 \[[@pgen.1006672.ref033]\], which allows epithelium-specific deletion of hnRNPI at late embryogenesis in the knockout mice. As expected, the expression of hnRNPI protein was dramatically downregulated in the IECs of the hnRNPI knockout mice, but not that of the control mice ([Fig 1C--1E](#pgen.1006672.g001){ref-type="fig"}).

![Generation of the IEC-specific hnRNPI knockout mice.\
(A) A schematic representation shows the knockout strategy. A primer pair (F1 and B1) flanking one loxP site (arrowheads) was used for genotyping the IEC-specific hnRNPI knockout mice. (B) An example of genotyping PCR result shows the sizes of PCR products amplified from the hnRNPI floxed allele (236 bp) and wild-type allele (166 bp). \*, 50bp DNA ladder. (C) Western blotting result shows efficient ablation of hnRNPI in the colonic epithelial cells of the knockout mice. hnRNPI protein levels from two knockout mice and two control sibling littermates are shown. (D) and (E) Immunofluorescence staining using an anti-hnRNPI antibody shows hnRNPI protein localization in the wild-type and hnRNPI knockout colon. Magnified images are shown in the lower panels. Nuclear accumulation of hnRNPI protein was detected in both colonic epithelial cells (arrowheads) and cells in the lamina propria (arrows) in wild-type mice (D). hnRNPI expression is diminished in the nuclei of colonic epithelial cells in the knockout mice, but remains unaffected in the lamina propria cells (E, arrows). Note the increased number of immune cells in the lamina propria of the knockout mice. The dotted line indicates the border of a centrally located crypt. Nuclei were counterstained with DAPI. WT, wild-type; KO, knockout. Scale bars, 50 μm.](pgen.1006672.g001){#pgen.1006672.g001}

The IEC-specific hnRNPI knockout mice develop spontaneous colitis {#sec004}
-----------------------------------------------------------------

The IEC-specific hnRNPI knockout mice were born at the Mendelian ratio, but appeared smaller than their littermates ([Fig 2A](#pgen.1006672.g002){ref-type="fig"}). Their body weight at weaning is significantly less than that of their wild-type littermates ([Fig 2E](#pgen.1006672.g002){ref-type="fig"}). Severely affected mutants, which weighed 50% less than wild-type littermates, died within three days after weaning, likely due to their malfunction in digesting solid food (mouse labeled as KO2 in [Fig 2A](#pgen.1006672.g002){ref-type="fig"} is representative). Among the remaining knockout mice, over 60% of them developed rectal prolapse within 80 days after birth ([Fig 2B--2D](#pgen.1006672.g002){ref-type="fig"}, n = 41).

![The IEC-specific hnRNPI knockout mice have low body weight and develop rectal prolapse.\
(A) Size difference between the knockout mice (KO) and their control littermate (WT) at the time of weaning. The knockout mouse labeled as KO2 weighted 50% less than the control mice and died within three days after weaning. (B) The knockout mice develop rectal prolapse (arrows). (C) Gross morphology of the colons from a knockout mouse and its control littermate. The mutant colon is short with prolapsed rectum. (D) Timeline of rectal prolapse development in the knockout mice within 80 days after their birth (n = 41). (E) Statistical analysis using R shows low body weights of the adult knockout mice when compared to those of their control littermates. Total 13 litters (100 mice) aged between day 20 to day 28 from the cross of *hnRNPI*^*flox/+*^; *Villin*^*Cre/+*^ mice with the *hnRNPI*^*flox/flox*^ mice were analyzed. "\*", "+", and "o" in the graph indicate the genotype and weight of the individual mouse analyzed. The weight differences between ko and wt, or ko and hetero, are all statistical significant with p-values less than 0.001. The difference between the two control groups (hetero vs wt) is not significant. wt, wild-type, which includes *hnRNPI*^*flox/+*^ mice and *hnRNPI*^*flox/flox*^ mice; hetero, heterozygote (*hnRNPI*^*flox/+*^; *Villin*^*Cre/+*^); ko, knockout (*hnRNPI*^*flox/flox*^; *Villin*^*Cre/+*^).](pgen.1006672.g002){#pgen.1006672.g002}

We performed histological analysis on the 3-week to 12-week old knockout mice and found that 100% of them developed moderate to severe degree of inflammation in the colonic epithelium and their colons often appeared shortened ([Fig 2C](#pgen.1006672.g002){ref-type="fig"}, n = 26, 13 of them \< 4 weeks). There is no gender-based difference in the development of colon inflammation in these mice. Histological features of the inflamed colonic epithelium in the knockout mice include crypt elongation and abscesses, loss of goblet cells, inflammatory cell infiltrate, and impaired surface integrity ([Fig 3A, 3B, 3E and 3F](#pgen.1006672.g003){ref-type="fig"}). This is accompanied by hyperproliferation of IECs ([Fig 3C and 3D](#pgen.1006672.g003){ref-type="fig"}). Large numbers of infiltrated inflammatory cells including Ly6G positive neutrophils, F4/80 positive macrophages, and CD4 positive T cells, were detected in the lamina propria ([Fig 3G--3L](#pgen.1006672.g003){ref-type="fig"}). These phenotypes highly resemble the pathological features of human ulcerative colitis. Mice with a lower body weight displayed more severe colitis. While the colitis phenotype was observed in all parts of colon in the knockout mice, epithelium in the distal colon is more severely affected. In contrast, the epithelium of the small intestine did not display histologically detectable inflammation in these mice.

![The IEC-specific hnRNPI knockout mice develop spontaneous colitis.\
(A) and (B) Hematoxylin and Eosin (HE)--stained sections show severe inflammation in the colonic epithelium of the knockout mice (B). Arrowheads in B show crypt abscesses. (C) and (D) Immunohistochemical staining with an anti-Ki67 antibody shows hyperproliferation of colonic epithelial cells in the knockout mice (D). (E) and (F) Alcian Blue-PAS staining shows loss of goblet cells in the colonic epithelium of the knockout mice (F). (G) to (L) Immunohistochemical staining shows increased number of inflammatory cells in the lamina propria of the knockout colon with indicated antibodies. (G) and (H) show neutrophils. Arrowheads in H point neutrophils in the knockout mice. (I) and (J) show macrophages. Arrows in J point macrophages in the knockout mice. (K) and (L) show CD4 positive T-cells. Arrows in L point CD4 positive T-cells in the knockout mice. (M) Real-time PCR shows increased expression of the pro-inflammatory cytokines and chemokines in the colonic epithelial cells of the knockout mice. Each symbol in all graphs indicates gene expression level relative to *Gapdh* of individual mice. Bars show mean value. In both the wild-type and knockout groups, n = 4 mice. \* p\< 0.05. Scale bars, 50 μm.](pgen.1006672.g003){#pgen.1006672.g003}

In line with the morphological appearance of colitis in the knockout mice, the expression of proinflammatory cytokines and chemokines, including IL6, IL1β, Cxcl1, and Ccl2, are dramatically increased in the colonic epithelial cells of the knockout mice ([Fig 3M](#pgen.1006672.g003){ref-type="fig"}). Thus, IEC-specific depletion of hnRNPI results in early onset of spontaneous colitis.

The IEC-specific hnRNPI knockout mice develop neoplasia and invasive colorectal cancer at a young age {#sec005}
-----------------------------------------------------------------------------------------------------

Intriguingly, we observed multiple adenomatous lesions in the colonic epithelium of the knockout mice. We analyzed total 30 mice aged between P22 to P230, and found 60% of them developed colon adenomas at variable degrees of dysplasia. Among them, the youngest mice that had adenomas were at the age of P23. These lesions display hyperproliferation of colonic epithelial cells ([Fig 4A and 4B](#pgen.1006672.g004){ref-type="fig"}). Nuclear accumulation of β-catenin and p65, the respective hallmarks of active Wnt signaling and NF-κB signaling, is prominent in the lesions ([Fig 4C--4H](#pgen.1006672.g004){ref-type="fig"}). This indicates that colon adenomatous lesions in these mice are in the precancerous condition. All adenomatous lesions in the colonic epithelium, however, are restricted to the mucosa ([Fig 4A](#pgen.1006672.g004){ref-type="fig"}). In striking contrast, we found that lesions developed in the epithelium of the prolapsed rectum were highly invasive, and had spread through the muscularis mucosae into the submucosa (compare [Fig 4J to 4I](#pgen.1006672.g004){ref-type="fig"}). We examined total 17 knockout mice aged between P42 to P230 that developed rectal prolapse, and found 15 of them (88%) developed invasive adenocarcinomas in the rectal epithelium. Among those with rectal adenocarcinomas, the youngest knockout mouse was at the age of P50. Similar to the lesions in the colon, these rectal carcinomatous lesions contain highly active Wnt signaling and NF-κB signaling ([Fig 4K--4R](#pgen.1006672.g004){ref-type="fig"}).

![The IEC-specific hnRNPI knockout mice develop colorectal neoplasia with highly active Wnt and NF-κB signaling.\
(A) HE--stained section shows non-invasive neoplasia in the colonic epithelium of the knockout mouse. The dotted line indicates the position of muscularis mucosae. (B) Immunohistochemical staining with an anti-Ki67 antibody shows hyperproliferation in colonic neoplasia. (C) and (D) Immunohistochemical staining with an anti-β-Catenin antibody shows nuclear translocation of β-Catenin in the colonic epithelium of the knockout mice (D, arrows). In the wild-type colonic epithelium, β-Catenin is membrane localized (C). (E) to (H) Immunofluorescence staining with an anti-p65 antibody shows p65 nuclear translocation in the colonic epithelium of the knockout mice (F and H). p65 is mainly localized in the cytoplasm in the control mice (E and G). Nuclei were counterstained with DAPI (G and H). (I) and (J) HE--stained section shows invasive adenocarcinomas in the prolapsed rectum of the knockout mouse. The dotted line indicates the position of muscularis mucosae. Note a few glands have invaded through the muscularis mucosae into the submucosa (arrows in J). (K) and (L) Immunohistochemical staining shows nuclear accumulation of β-Catenin in the rectal epithelial cells in the knockout mice (arrowheads in L), whereas in the control rectal epithelium, β-Catenin is cell membrane localized (K). (M) to (R) Immunofluorescence staining shows nuclear translocation of p65 in the rectal epithelium of the knockout mice (N, P and R). The control mice showed cytoplasmic localization of p65 (M, O and Q). Nuclei were counterstained with DAPI (O and P). (Q) and (R) High magnification shows p65 nuclear localization in the rectal epithelial cells. WT, wild-type; KO, knockout. Scale bars, 50 μm.](pgen.1006672.g004){#pgen.1006672.g004}

The IEC-specific hnRNPI knockout mice develop colonic inflammation postnatally {#sec006}
------------------------------------------------------------------------------

To determine when colitis development in the IEC-specific hnRNPI knockout mice is initiated, we performed histological analysis on the colonic epithelium from the knockout mice and their sibling littermates at P7 and P14. Severe inflammation was observed in the colonic epithelium of the knockout mice at both P7 and P14 (the histology of wild-type and knockout colon at P14 is shown in [Fig 5A and 5B](#pgen.1006672.g005){ref-type="fig"} respectively). At P14, the colonic epithelium of the knockout mice displayed impaired intestinal epithelium junctional complexes as shown by the zonula occludens (ZO)-1 staining (compare [Fig 5F to 5E](#pgen.1006672.g005){ref-type="fig"}). Consistently, we detected bacteria infiltration in the mutant intestinal epithelium (compare [Fig 5H to 5G](#pgen.1006672.g005){ref-type="fig"}), indicating destruction of the epithelial barrier. Furthermore, a large number of infiltrated innate and adaptive immune cells were seen in the lamina propria ([Fig 5I--5N](#pgen.1006672.g005){ref-type="fig"}). These defects are accompanied by hyperproliferation of IECs (compare [Fig 5D to 5C](#pgen.1006672.g005){ref-type="fig"}).

![The IEC-specific hnRNPI knockout mice develop severe inflammation at P14.\
(A) and (B) HE--stained sections show the severely inflamed colonic epithelium in the knockout mice at P14 (B). (C) and (D) Immunohistochemical staining with an anti-Ki67 antibody shows hyperproliferation of the colonic epithelium in the knockout mice. (E) and (F) Immunofluorescence staining with an anti-ZO1 antibody shows impaired tight junctions in the colonic epithelium of the knockout mice. (G) and (H) FISH with a universal eubacterial probe shows bacteria infiltration in the colonic epithelium of the knockout mice (arrowhead in H). Nuclei were counterstained with DAPI in E to H. (I) to (N) Immunohistochemical staining with indicated antibodies shows increased number of inflammatory cells in the lamina propria of the knockout mice. (I) and (J) show CD4 positive T-cells, (K) and (L) show macrophages, (M) and (N) show neutrophils. WT, wild-type; KO, knockout. Scale bars, 50 μm.](pgen.1006672.g005){#pgen.1006672.g005}

We further examined the colonic epithelium during the first week of life. While the colonic epithelium from the knockout neonates appear histologically normal at P0, P1 and P2 (the colon histology of P2 neonates is shown in [S1 Fig](#pgen.1006672.s001){ref-type="supplementary-material"}), inflamed colonic epithelium was readily observed in the knockout neonates at P3 (compare [Fig 6B to 6A](#pgen.1006672.g006){ref-type="fig"}). Significant increase in the numbers of proliferating epithelial cells and inflammatory cells was detected in the knockout neonates at P3 ([Fig 6C--6H](#pgen.1006672.g006){ref-type="fig"}). Consistent with the histological observation, the expression levels of proinflammatory cytokines and chemokines including IL6, IL1β, TNF**α** and Cxcl2 are dramatically upregulated in the colon of the knockout mice at P3, while those at P0 and P1 remain unchanged ([Fig 6I](#pgen.1006672.g006){ref-type="fig"}). At P2, a slight increase in the expression of Cxcl2, IL1β, and TNF**α** was detected in the knockout colon ([Fig 6I](#pgen.1006672.g006){ref-type="fig"}). It appears that the immune response was initiated at the molecular level at P2 in these mutants.

![The IEC-specific hnRNPI knockout mice display colonic inflammation and weight gain decline at P3.\
(A) and (B) HE--stained sections show the inflamed colonic epithelium in the knockout neonates (B). (C) and (D) Immunohistochemical staining with an anti-Ki67 antibody shows hyperproliferation of the colonic epithelial cells in the knockout neonates. (E) to (H) Immunohistochemical staining with indicated antibodies shows increased number of inflammatory cells in the lamina propria of the knockout neonates. (E) and (F) show macrophages, and (G) and (H) show CD4 positive T-cells. (I) Representative real-time PCR results show significantly increased expression of pro-inflammatory cytokines and chemokines in the knockout colon at P3. Data are presented as mean values relative to *Gapdh* (± s.e.m). N = 3--5 mice per group. Mice of the knockout group and the wild-type group are sibling littermates. Mice from at least 3 litters were tested at each age. (J) Starting at P3, the knockout neonates display decline in the weight gain. Each age contains at least 6 litters, and total 47 litters of 367 mice were analyzed. Data are presented as mean values ± s.e.m. \* p \< 0.05; \*\* p \< 0.01; \*\*\* p \< 0.001; NS, not significant. WT, wild-type; KO, knockout. Scale bars, 50 μm.](pgen.1006672.g006){#pgen.1006672.g006}

Interestingly, we observed a tight correlation of colonic inflammation onset and decline in weight gain in the knockout neonates. As shown in [Fig 6J](#pgen.1006672.g006){ref-type="fig"}, a sharp decline in the weight gain occurred in the knockout neonates at P3, a time point when colonic inflammation was first observed histologically.

Ablation of hnRNPI in the IECs induces hyperactive NF-κB signaling and upregulation of the IRAK1 protein level in the neonatal colon {#sec007}
------------------------------------------------------------------------------------------------------------------------------------

In IECs, TLRs mediated NF-κB signaling plays an essential role in sensing luminal bacteria and initiating subsequent immune reactions \[[@pgen.1006672.ref011]\]. During the neonatal stage, activity of NF-κB signaling is suppressed transiently, allowing microbe colonization and development of immune tolerance. This occurs at least in part through downregulating the expression of IRAK1 protein in the IECs \[[@pgen.1006672.ref018],[@pgen.1006672.ref019]\]. Given the aforementioned hyperactive inflammatory responses in the knockout neonatal colon, we examined the activity of NF-κB signaling in the neonatal colonic epithelium by assessing the cellular localization of the NF-κB subunit p65. Indeed, whereas p65 is localized to the cytoplasm of colonic epithelial cells in the wild-type control mice, nuclear translocation of p65 is prominent in the knockout colon (compare the top and bottom panels in [Fig 7A](#pgen.1006672.g007){ref-type="fig"}). This observation prompted us to determine whether hyperactive NF-κB signaling in the colonic epithelial cells of the knockout neonates is due to altered expression levels of TLRs and/or IRAK1. We first examined mRNA expression levels of TLR2, 4, and 5, three TLRs that are known to be expressed in the mouse colon \[[@pgen.1006672.ref011]\]. No increase in mRNA expression levels of TLR2, 4, and 5 was detected in the knockout mice at both P0 and P4 ([Fig 7B](#pgen.1006672.g007){ref-type="fig"}). In striking contrast, increased protein expression of IRAK1 was detected in the colon of the knockout neonates at P0 ([Fig 7C](#pgen.1006672.g007){ref-type="fig"}). This increase was more dramatic by P3 ([Fig 7C](#pgen.1006672.g007){ref-type="fig"}). Notably, IRAK1 protein expression in the knockout fetuses remains unchanged ([Fig 7C](#pgen.1006672.g007){ref-type="fig"}), indicating that hnRNPI is required to downregulate IRAK1 protein level postnatally. Interestingly, we found that the mRNA expression level of IRAK1 was not upregulated in the knockout colon at both P0 and P3 ([Fig 7D](#pgen.1006672.g007){ref-type="fig"}). This suggests that hnRNPI regulates IRAK1 at the post-transcriptional level. Taken together, the above observations demonstrate that hnRNPI plays an essential role in downregulating expression of IRAK1 protein in the neonatal colon and is essential for neonatal immune adaptation.

![The IEC-specific hnRNPI knockout neonates display hyperactive NF-κB signaling and upregulation of IRAK1 protein expression in the colon.\
(A) Immunohistochemical staining with an anti-p65 antibody shows p65 nuclear translocation in the colonic epithelium of the knockout mice at P3 (the bottom panel, arrows). (B) Real-time PCR results show that the expression of TLRs is not increased in the colon of the knockout mice at both P0 and P4. (C) Western blot shows IRAK1 protein expression is increased in the knockout colon at P0, and the increase of IRAK1 protein level is more prominent at P3. The IRAK1 protein level remains unchanged in the knockout fetal colon. Actin is served as the loading control. At least 3 litters of each age were tested and data shown are representative. (D) Real-time PCR result shows that the mRNA level of IRAK1 in colons of the knockout neonates is not upregulated at both P0 and P3. Data in B and D are presented as mean values relative to *Gapdh* (± s.e.m). N = 3--5 mice per group. The knockout group and the wild-type group are sibling littermates. At least 3 litters of each age were tested and data shown are representative. WT, wild-type; KO, knockout. Scale bars, 50 μm.](pgen.1006672.g007){#pgen.1006672.g007}

Discussion {#sec008}
==========

Precisely controlled host-microbe interactions are crucial for human overall health and well-being. Neonatal immune adaptation is the first and fundamentally important step in establishing host- microbe homeostasis. During the neonatal stage, the innate immune activity in the digestive tract must be temporally suppressed to accommodate the large number of newly arrived microbes. Recent studies show that this temporal suppression is at least in part through downregulating the expression of IRAK1 protein in the IECs upon birth, a process that requires the presence of miR-146a in the neonatal IECs \[[@pgen.1006672.ref019]\]. The mechanism by which miR-146a downregulates IRAK1 is unknown. It is also unclear if other mechanisms are involved in this process during neonatal immune adaptation.

Here, we report that deletion of hnRNPI in the IECs impairs downregulation of IRAK1 in the neonatal colon. We show that the expression level of IRAK1 protein, but not its mRNA, is upregulated in the neonatal colon upon deletion of hnRNPI in the IECs, suggesting that hnRNPI-mediated IRAK1 downreulation occurs at the post-transcriptional level. Interestingly, IEC-specific deletion of hnRNPI does not affect the protein level of IRAK1 in the fetal colon. These findings are consistent with the recent observation that IRAK1 is downregulated in the neonatal intestine through post-transcriptional regulation, and this process requires microbial stimulation at birth and postnatally \[[@pgen.1006672.ref018],[@pgen.1006672.ref019]\]. In line with the finding that deletion of hnRNPI increases IRAK1 expression in the neonatal colon, we found that NF-κB signaling is highly active in the neonatal colon of the mutant mice. This is accompanied by the induction of colonic inflammation in the knockout neonates, which becomes detectable histologically and molecularly within the first three days after birth. The timing of colon inflammatory response is coincident with the transition of neonates from a sterile intra-uterine environment to one that is rich in foreign antigens, suggesting that mutant neonates fail to develop immune tolerance. We also observed a significant decline in weight gain in the hnRNPI mutant neonates at P3, which is concomitant to the induction of colon inflammation. It is highly likely that the slow weight gain in the mutant neonates is caused by malnutrition in these mice due to the impaired host-microbe interactions. Collectively, these findings uncover an important function of hnRNPI in suppressing the expression of IRAK1 protein in the neonatal colon and establishing host-microbe homeostasis upon birth in the intestine.

Mechanistically, how does hnRNPI regulate the expression of IRAK1? Several splicing variants of IRAK1 with variable stability and activity in mediating TLR-induced NF-κB signaling have been identified in mice and humans \[[@pgen.1006672.ref034]--[@pgen.1006672.ref037]\]. It is tempting to speculate that hnRNPI may down-regulate IRAK1 through regulating alternative splicing of IRAK1 or its upstream regulators. Alternatively, hnRNPI, which has the ability to regulate translational efficiency through binding 3' UTR of its targets \[[@pgen.1006672.ref023],[@pgen.1006672.ref038]\], may directly repress IRAK1 translation, or indirectly alter the translation of its regulators. Interestingly, the 3' UTR of IRAK1 contains multiple sites resembling the consensus hnRNPI binding sequences. It will be of great interest to determine if hnRNPI physically interacts with IRAK1 3'UTR and regulates IRAK1 translation. Down-regulation of IRAK1 in the neonatal intestine requires continuous proteasome or lysosome-dependent proteolytic degradation \[[@pgen.1006672.ref019]\]. Thus, it is also possible that hnRNPI may regulate the expression of proteins that alter IRAK1 protein turnover. Of note, hnRNPI is capable of modulating the activity of microRNAs in disease pathogenesis and many important biological processes \[[@pgen.1006672.ref030],[@pgen.1006672.ref039]--[@pgen.1006672.ref042]\]. It has been reported that miR-146a controls both translation and degradation of epithelial IRAK1 in the neonatal intestine \[[@pgen.1006672.ref019]\]. It would be interesting to determine if hnRNPI regulates the biosynthesis or activity of miR-146a and/or other microRNAs in establishing neonatal immune tolerance. Further studies are required to distinguish these possibilities.

Our results reveal that hnRNPI-deficient mice develop invasive colorectal cancer at a very young age (as early as at P50). This observation is consistent with the findings that hnRNPI is aberrantly expressed in colorectal cancer cells \[[@pgen.1006672.ref024],[@pgen.1006672.ref031]\], and a number of hnRNPI targeting genes are abnormally spliced in colorectal cancer \[[@pgen.1006672.ref024]--[@pgen.1006672.ref030]\]. While it is possible that the colorectal cancer development in the hnRNPI-deficient mice may be a consequence of impaired neonatal host-microbe homeostasis, it is more likely that hnRNPI plays additional roles in preventing colitis and colorectal cancer development in adulthood. In agreement with this view, we found that Wnt signaling, a major driver of colorectal cancer, is hyper-active in the hnRNPI-deficient colonic epithelial cells. It has been reported that Wnt ligands are expressed in the IECs and intestinal stromal cells \[[@pgen.1006672.ref043],[@pgen.1006672.ref044]\]. Stromal cells-derived Wnts, but not epithelial cells-produced Wnts, are indispensable for intestinal homeostasis \[[@pgen.1006672.ref045]\]. We thus assessed the expression of six Wnts that are expressed in the colonic stroma \[[@pgen.1006672.ref043],[@pgen.1006672.ref044]\]. These include Wnt2b/Wnt4/Wnt5a, which are highly expressed in the colon mesenchyme, and Wnt5b/Wnt10b/Wnt16 that are expressed at low levels \[[@pgen.1006672.ref043],[@pgen.1006672.ref044]\]. We observed a trend of increase in the expression of Wnt2b in the hnRNPI-deficient mice ([S6 Fig](#pgen.1006672.s006){ref-type="supplementary-material"}). However, this increase is not statistically significant. We did not detect any statistically significant changes in the expression of Wnt4, Wnt5a, and Wnt5b ([S6 Fig](#pgen.1006672.s006){ref-type="supplementary-material"}). In the case of Wnt10b and Wnt16, the expression was decreased ([S6 Fig](#pgen.1006672.s006){ref-type="supplementary-material"}). Currently we do not understand the significance of the decrease in the expression of Wnt10b and Wnt16. Nonetheless, these results seem to suggest that hnRNPI suppresses Wnt signaling in IECs through a mechanism independent of downregulating stromal Wnt ligands.

As an RNA-binding protein, hnRNPI exerts its function by controlling post-transcriptional events. Its effects on signaling pathways are highly context- and species- specific. hnRNPI inhibits Notch signaling in Drosophila wing disc \[[@pgen.1006672.ref046]\] and during zebrafish intestinal homeostasis \[[@pgen.1006672.ref020]\]. In mouse IECs, rather than inhibiting Notch signaling ([S7 Fig](#pgen.1006672.s007){ref-type="supplementary-material"}), hnRNPI suppresses NF-κB and Wnt signaling. In the future, it will be of great interest to identify direct targets of hnRNPI and investigate the detailed molecular mechanisms by which hnRNPI influences major signaling pathways.

In summary, we report for the first time that hnRNPI-mediated post-transcriptional regulation is fundamentally important for establishing neonatal immune tolerance. The IEC-specific hnRNPI knockout mice represent a valuable animal model for studying regulatory mechanisms governing the establishment of neonatal immune tolerance at the post-transcriptional level.

Materials and methods {#sec009}
=====================

Animals {#sec010}
-------

Generation of the *hnRNPI*^*flox/flox*^; *Villin*^*Cre/+*^ mice: hnRNPI targeted ES cells (KOMP Repository) were used for blastocyst injection (performed by the Transgenic Core Facility at the Research Institute at the Nationwide Children's Hospital). Male chimeras were bred with wild type C57BL6 females for germline transmission. To obtain *hnRNPI*^*flox*^ mice, germline transmitted mice were bred with the ACT-FLPe (the Jackson Laboratory) mice to delete the *neo*-cassette. The *hnRNPI*^*flox*^ mice were crossed with the *villin-cre* mice (gift from Dr. Noah Shoyer) to generate the *hnRNPI*^*flox/flox*^; *Villin*^*Cre/+*^ mice. Primers used for genotyping the *hnRNPI* floxed allele are: F1: 5'--CCCATAACTGTCCATAGACC -3', and B1: 5' -TGTTGGTAATGCCAGCACAG -3'.

All mice with one exception used in this report are from the cross of the *hnRNPI*^*flox/flox*^; *Villin*^*Cre/+*^ mice with the *hnRNPI*^*flox/flox*^ mice. The *hnRNPI*^*flox/flox*^; *Villin*^*Cre/+*^ mice were used in the knockout group and the *hnRNPI*^*flox/flox*^ mice were used in the control group. An exception to this is the mice used in the adult weight statistical analysis. These mice were derived from the cross of the *hnRNPI*^*flox/+*^; *Villin*^*Cre/+*^ mice with the *hnRNPI*^*flox/flox*^ mice. In this experiment, the wild-type group includes the *hnRNPI*^*flox/+*^ mice and the *hnRNPI*^*flox/flox*^ mice, heterozygotes are the *hnRNPI*^*flox/+*^; *Villin*^*Cre/+*^ mice, and the knockout mice are the *hnRNPI*^*flox/flox*^; *Villin*^*Cre/+*^ mice.

Histology, immunostaining, Alcian Blue-Periodic Acid Schiff (AB-PAS), histochemical staining, and fluorescence *in situ* hybridization {#sec011}
--------------------------------------------------------------------------------------------------------------------------------------

Colons were isolated, fixed, paraffin-embedded, and sectioned according to standard protocols. Intestine sections (5 μm) were processed for hematoxylin and eosin staining or for immunostaining. Immunohistochemistry was performed with R.T.U. vectastain kit (Vector Laboratories) with DAB substrate. Sections were counterstained lightly with Hematoxylin afterwards. For immunofluorescence staining, secondary antibodies used are goat anti-rabbit AlexaFluor 488 and donkey anti-rat AlexaFluor 594 (Invitrogen). Sections were counterstained with 4',6-diamidino-2-phenylindole (DAPI). Primary antibodies used are: mouse anti-ki67 (BD Pharmingen, 550609), rat anti-CD4 (Ebioscience Inc, 14-9766-80), rat anti-Ly6G (BD Pharmingen, 551459), rabbit anti-F4/80 (Novus Biologicals Inc, NBP2-12506), rat anti-ZO-1 (Developmental Studies Hybridoma Bank, R26.4C), rabbit anti-hnRNPI (gift from Dr. Douglas Black), rabbit anti-p65 (*Santa Cruz* Biotechnology, sc-372), rabbit anti-p65 (Cell signaling, 8242), rabbit anti- β-catenin (gift from Dr. Peter Klein).

Goblet cell secreted mucins were identified by sequentially incubating deparaffinized sections in pH 2.5 alcian blue (1 hour), periodic acid (7 minutes) and Schiff\'s reagent (10 minutes). After the staining, acidic mucins are stained "blue" and neutral mucins are stained red.

Fluorescence *in situ* Hybridization (FISH) was performed to detect eubacteria infiltration in the colon. Paraffin sections (10 μm) were dewaxed and incubated with the commercially synthesized universal eubacterial probe EUB 338 (5′-GCTGCCTCCCGTAGGAGT-3′) conjugated with Alexa Fluor 488 as described \[[@pgen.1006672.ref047]\]. A complimentary probe (5′-ACTCCTACGGGAGGCAGC-3′)) conjugated with Alexa Fluor 488 was used as a negative control. Sections were counterstained with DAPI afterwards.

Images were taken from a Compound microscope (Leica) with digital camera or a Nikon A1R confocal microscope and processed using Adobe Photoshop.

Quantitative real-time PCR {#sec012}
--------------------------

Colonic epithelial cells were isolated as described \[[@pgen.1006672.ref048]\]. RNAs were extracted from colonic epithelial cells isolated from adult mice and the postnatal day 4 (P4) neonatal mice or whole colon tissues from the P0, P1, P2, and P3 mice. RNA extraction was done using TRIzol reagent according to standard protocols. Real-time PCR reactions were performed blindly in triplicate or duplicate using SYBR green master mix (Applied Biosystem) on an Applied Biosystem\'s 7500 Real-time PCR system. PCR primers are: *Il6*: 5′- CCGGAGAGGAGACTTCACAG -3′ and 5′- CAGAATTGCCATTGCACAAC -3′; *Il1β*: 5′-CAACCAACAAGTGATATTCTCCATG-3′ and 5′-GATCCACACTCTCCAGCTGCA-3′*; Cxcl2/MIP-2*: 5′- GTGAACTGCGCTGTCAATGC -3′ and 5′- GCTTCAGGGTCAAGGCAAAC -3′; *Tnfα*: 5′-AGGGATGAGAAGTTCCCAAATG-3′ and 5′-TGTGAGGGTCTGGGCCATA-3′; *Ccl2*: 5′-AGGTCCCTGTCATGCTTCTG-3′ and 5′-TCTGGACCCATTCCTTCTTG-3'; *Cxcl1*: 5′-GCCAATGAGCTGCGCTGTCAATGC-3′ and 5′-CTTGGGGACACCCTTTTAGCATCTT-3'*; Tlr2*: 5′-GCTACCTGTGTGACTCTCCG-3′ and 5′- CGCCCACATCATTCTCAGGT-3′; *Tlr4*: 5′-GCTTTCACCTCTGCCTTCAC-3′ and 5′-AGGCGATACAATTCCACCTG-3′; *Tlr5*: 5′-CCAGCCCCGTGTTGGTAATA-3′ and 5′-TTTCTGAAAGCCCCTGGACC-3′; *IRAK1*: 5′-GGCTCAACTAGCTTGCTGCT-3′ and 5′-TAGTGCCTCCCTGGGTACAG-3′; and *Gapdh*: 5′-TTCTTGTGCAGTGCCAGCC-3′ and 5′-CACCGACCTTCACCATTTTGT-3′.

Western blots {#sec013}
-------------

Isolated colonic epithelial cells from adult mice or whole colon tissues from the fetuses at embryonic day 19 or neonates at P0 or P3 were homogenized in lysis buffer. Protein lysates were cleared by spinning the samples twice at 4°C. Subsequently, samples were separated on SDS-PAGE and analyzed by western blotting as described \[[@pgen.1006672.ref049]\]. Primary antibodies used are mouse anti-hnRNPI (Life Technologies, 324800), rabbit anti-IRAK1 (Santa Cruz, sc-7883), rabbit anti-Actin (Sigma, A2066). Membranes were incubated with HRP-linked secondary antibodies and developed using ECL prime (G&E Healthcare Life Sciences).

Statistics {#sec014}
----------

Differences between the knockout mice and the control groups were assessed for significance using a one-tailed unpaired Student *t*-test ([Fig 3M](#pgen.1006672.g003){ref-type="fig"}). For data involving two variables, data were analyzed by two-way ANOVA using GraphPad Prism (Figs [6I, 6J](#pgen.1006672.g006){ref-type="fig"}, [7B and 7D](#pgen.1006672.g007){ref-type="fig"}) or R ([Fig 2E](#pgen.1006672.g002){ref-type="fig"}). Log~2~ conversion was used in the figures where necessary (Figs [3M](#pgen.1006672.g003){ref-type="fig"} and [6I](#pgen.1006672.g006){ref-type="fig"}).

Study approval {#sec015}
--------------

The use of mice in this research was approved by University of Illinois at Urbana-Champaign Animal Care and Use Committee (protocol \#14240 and 14290).

Supporting information {#sec016}
======================

###### Colon histology of the IEC-specific hnRNPI knockout mice appears normal at P2.

\(A\) and (B) H&E stained sections show the normal colonic epithelium in the knockout neonate at P2 (B). (C) to (F) Immunohistochemical staining with indicated antibodies shows similar numbers of immune cells in the lamina propria of the wild-type and knockout neonates at P2. (C) and (D) show CD4 positive T-cells, and (E) and (F) show macrophages. (G) to (H) Immunohistochemical staining with an anti-Ki67 antibody shows normal cell proliferation in the colonic epithelium of the knockout neonate at P2.

(TIF)

###### 

Click here for additional data file.

###### CD4 positive T-cells express hnRNPI.

Double immunofluorescence staining using anti-hnRNPI and anti-CD4 antibodies shows hnRNPI protein localization in the CD4 positive T-cells in the wild-type and hnRNPI knockout colons (arrows). The number of hnRNPI-expressing CD4 positive T-cells in the lamina propria is increased in the knockout colon. Nuclei were counterstained with DAPI. The dotted lines indicate the borders of the crypts. The expression of hnRNPI is diminished in the crypt epithelial cells of the knockout mouse. WT, wild-type; KO, knockout. Scale bars, 50 μm.

(TIF)

###### 

Click here for additional data file.

###### Macrophages express hnRNPI.

Double immunofluorescence staining using anti-hnRNPI and anti-F4/80 antibodies shows hnRNPI protein localization in macrophages in the wild-type and hnRNPI knockout colons. The number of hnRNPI-expressing macrophages in the lamina propria is increased in the knockout colon. Nuclei were counterstained with DAPI. The dotted line indicates the border of a crypt. hnRNPI expression is diminished in the crypt epithelial cells of the knockout mouse. WT, wild-type; KO, knockout. Scale bars, 50 μm.

(TIF)

###### 

Click here for additional data file.

###### Neutrophils express hnRNPI.

Double immunofluorescence staining using anti-hnRNPI and anti-Ly6G antibodies shows hnRNPI expression in the neutrophils in the wild-type and hnRNPI knockout colon. Neutrophils were rarely detected in the wild-type colon and its number is increased in the knockout colon. Nuclei were counterstained with DAPI. The dotted lines indicate the borders of two crypts. hnRNPI expression is diminished in the crypt epithelial cells of the knockout mouse. WT, wild-type; KO, knockout. Scale bars, 50 μm.

(TIF)

###### 

Click here for additional data file.

###### α-SMA positive stromal cells express hnRNPI.

Double immunofluorescence staining using anti-hnRNPI and anti-α-SMA antibodies shows hnRNPI expression in α-SMA positive stromal cells in the wild-type and hnRNPI knockout colon. The number of α-SMA and hnRNPI double positive stromal cells is not increased in the knockout colon. Nuclei were counterstained with DAPI. The dotted lines indicate the borders of three crypts. hnRNPI expression is diminished in the crypt epithelial cells of the knockout mouse. WT, wild-type; KO, knockout. Scale bars, 50 μm.

(TIF)

###### 

Click here for additional data file.

###### Expression of hnRNPI and Wnt ligands in the colon stroma.

\(A\) to (C) Western blot results using protein extracts of the colonic epithelial and stromal fractions isolated from 3 wild-type and 3 knockout mice. Active β-catenin protein expression is increased in the colonic epithelium of the knockout mice (A). Increased hnRNPI protein expression in the colonic stroma of the same mice is shown in (B). The purity of the isolated colonic epithelial and stromal fractions is shown in (C). Vimentin and Cytokeratin serve as the control for isolation of colonic epithelial and stromal cells. (D) Real-time PCR results show the mRNA levels of *hnRNPI*, *wnt2b*, *wnt4*, *wnt5a*, *wnt5b*, *wnt10b*, *and wnt16* in the colonic stroma of the hnRNPI knockout mice and the control mice. A statistically significant increase in *hnRNPI* expression but not in *wnt2b*, *wnt4*, *wnt5a*, and *wnt5b* expression was detected in the colonic stroma of the knockout mice. *wnt10b* and *wnt16* display statistically significant decrease in their expression in the knockout colonic stroma. Each symbol in all graphs indicates gene expression level relative to *Gapdh* in the individual mouse. Bars show mean value. In the wild-type group, n = 6 mice; in the knockout group, n = 8 mice. \* p \< 0.05; \*\* p \< 0.01. N.S., not significant.

(TIF)

###### 

Click here for additional data file.

###### Notch signaling activity is not elevated in the colonic epithelium of the hnRNPI-deficient mice.

Western blot results using protein extracts of the colonic epithelial cells isolated from 2 wild-type and 2 knockout mice. The protein levels of hnRNPI are dramatically reduced in the colonic epithelial cells of the knockout mice while the protein levels of cleaved Notch1 are not increased. Actin served as the loading control. WT, wild-type; KO, knockout.

(TIF)

###### 

Click here for additional data file.

###### Supporting materials and methods.

(DOCX)

###### 

Click here for additional data file.
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